Abbreviation use is a preventable cause of medication errors. The objective of this study was to test whether computerized alerts designed to reduce medication abbreviations and embedded within an electronic progress note program could reduce these abbreviations in the non-computer-assisted handwritten notes of physicians. Fifty-nine physicians were randomized to one of three groups: a forced correction alert group; an autocorrection alert group; or a group that received no alerts. Over time, physicians in all groups significantly reduced their use of these abbreviations in their handwritten notes. Physicians exposed to the forced correction alert showed the greatest reductions in use when compared to controls (p¼0.02) and the auto-correction alert group (p¼0.0005). Knowledge of unapproved abbreviations was measured before and after the intervention and did not improve (p¼0.81). This work demonstrates the effects that alert systems can have on physician behavior in a non-computerized environment and in the absence of knowledge.
INTRODUCTION
Medication errors are responsible for a large number of adverse drug events in patients each year, and the use of medication abbreviations accounts for a subset of these errors. 1e3 For years, professional organizations and regulatory agencies have emphasized the danger of medication abbreviations and have mandated the elimination of the most errorprone abbreviations in medical documentation. 4e7 Because the majority of abbreviation errors originate during medication prescribing, 8 strategies to reduce abbreviations have largely focused on education to modify physician documentation.
9e11 Promulgation of a 'Do Not Use' list of abbreviations created by the Institute of Safe Medication Practices, included in the National Patient Safety Goals, and endorsed by the Joint Commission 4 has served as the primary educational campaign, but there is poor compliance among hospital staff with this practice. 12 From 2004 to 2006, 643 151 medication errors were reported to the United States Pharmacopeia MEDMARX program from 628 facilities, and 29 974 (4.7%) of these errors involved abbreviation use. 8 Eighty-one per cent of the abbreviation errors occurred during medication prescribing, and 0.3% of errors resulted in patient harm. While a direct association between abbreviations and medication errors has been established, little is known about the best ways to eliminate or reduce abbreviation use.
Medication errors, and in some settings adverse drug events, have been reduced with the adoption of computerized provider order entry (CPOE) and clinical decision support systems (CDSS). 13 14 However, despite widespread acceptance of the benefits of health information technology and national agendas to expand their use, 15 16 in 2008 only 17% of US hospitals had adopted CPOE. 17 As a result, opportunities to introduce medication abbreviations into handwritten documentation remain a source of medication errors and patient harm.
Although a direct link between abbreviations in handwritten notes and medication prescribing errors has not been established, written documentation in the form of handwritten notes and electronic entries with free text is capable of introducing abbreviations that can be misinterpreted and cause errors. 18 19 As the integration of electronic medical records expands nationally, it is important to understand how computerized alerts and clinical decision support influence the knowledge and behaviors of healthcare professionals. Given the paucity of research around electronic interventions to decrease unsafe medication abbreviation use, we conducted a randomized-controlled trial to evaluate the effects of computerized alerts designed to reduce unapproved abbreviations on the frequency of use of these abbreviations in an electronic progress note system and in the non-computer-assisted handwritten documentation of physicians.
METHODS

Study design overview
This study was conducted between July 2006 and June 2007. All internal medicine interns (N¼59) at the Hospital of the University of Pennsylvania enrolled in the study at the beginning of their internship. The University of Pennsylvania Institutional Review Board approved the study and granted a waiver of written informed consent. As a condition of the Institutional Review Board approval, participating interns were told that they were part of an ongoing study to examine the effects of computerized interventions designed to reduce unapproved abbreviations but given minimal information about the study. Specific details of the study were withheld to avoid biasing the results. No sources of external funding supported this investigation. medical record is a hybrid of electronic and handwritten documentation. At the time of this study, all history and physical exams (H & Ps) were handwritten, and daily progress notes were created using a customized electronic progress note template. These templates were created within a data-storage program at the University of Pennsylvania (Medview, Microsoft ASP.NET v1.1). All clinical data including medications was entered into the computer by hand and copied forward for daily editing. Progress notes were printed daily and placed into the paper medical record where attending physicians could review and addend them by hand.
Design of the clinical decision support system
The authors of this study designed the clinical decision-support system. Alerts were integrated into the customized electronic progress note templates. The progress note application was modified with regular expression pattern-matching code on the client and server to recognize abbreviations from the Joint Commissions' 'Do Not Use' abbreviation list 4 anywhere in the text and medication lists of the notes, and to generate an alert based on the participant's study group assignment. The application tracked the number of alerts generated for each note. The 'Do Not Use' abbreviation list includes: QD, QOD, MS04, MgSO4, U, IU, trailing zeros, and naked decimal points (table 1) . The abbreviation 'MSdmorphine sulfate' was not included in our study because we believed that it would reduce the specificity of the alert system. 'MS' within medical record documentation is commonly used to denote terms other than morphine sulfate such as mental status, mitral stenosis, or multiple sclerosis. Since we could not isolate the alert to the medication list, we believed that including it would cause alerts for the non-medication 'MS' terms and lead to documentation errors and clinician frustration.
Randomization
Fifty-nine interns were randomized to one of three study arms using a computer-generated random numbers table. Group 1 received a forced or 'hard-stop' alert that appeared when interns attempted to enter unapproved abbreviations into the electronic progress notes. This alert identified the unapproved abbreviation(s), informed interns of the correct non-abbreviated notation, and forced them to correct the abbreviation before allowing them to save or print their note (figure 1). Group 2 also received an alert when an unapproved abbreviation was entered, but instead of forcing the interns to make a correction, an autocorrection feature displayed the correction and automatically replaced the abbreviation with the acceptable non-abbreviated notation (figure 1). Group 3 was a control group and received no alerts. The alert intervention was introduced 3 months after the study began to allow for observation of baseline medical record documentation practices (figure 2).
Participants did not receive any training sessions about the computerized enhancements and were not informed of their study-group assignment. All groups were exposed to the hospital's standard education for unapproved abbreviations that consisted of reminders to avoid unapproved abbreviations on printed medical note templates.
Primary outcomes
Retrospective reviews of the medication lists within interns' non-computer-assisted handwritten H & Ps were performed at study conclusion. The medication lists were reviewed to identify the presence or absence of the seven previously defined unapproved abbreviations, and an audit tool was developed to measure the frequency of these abbreviations. In order to estimate the opportunity for an abbreviation error, we had to define the frequency of an absence of the abbreviation. This absence was defined as the frequency with which a correct notation (non-abbreviation) was used. The total opportunity for error was the sum of all present and absent abbreviations. The percentage of unapproved medication abbreviations was defined as the number of abbreviation errors divided by the opportunity for error. Four study investigators (SG, JM, AL, SA) independently reviewed 100 H & Ps to assess reliability of the audit tool. One study investigator (SG) reviewed the remaining H & Ps after reliability statistics were obtained. All reviewers were blinded to the participants' study-group assignment.
A maximum of 15 H & Ps were randomly selected for each participant during each of four study time periods to determine the rate of unapproved abbreviations used over time (figure 2). The numbers of available H & Ps per quarter varied because interns were on vacation, on outpatient rotations, or on rotations at affiliated hospitals. If an intern did not have 15 H & Ps available during a study period, the total number of available H & Ps for that time period was used in the analysis. Interns spent an average of 7 months on inpatient rotations at the hospital where the study was performed.
Secondary outcomes
Secondary outcomes included the frequency of computerized alerts over time and intern knowledge of unapproved abbreviations before and after the study intervention. Knowledge was measured by a test created by the investigators in which interns were asked to identify error-prone abbreviations (unapproved) versus acceptable abbreviations (approved) out of a list of 30 total abbreviations in random order. Additional test items surveyed interns about prior exposure to medication safety education, experiences during medical school (pre-test), and their attitudes about the alerts (post-test).
Statistical analysis
Baseline characteristics among the three groups were compared using the Fisher exact test for categorical variables and Kruskale Wallis test for continuous variables. Comparisons of the percentages of unapproved medication abbreviations at followup periods were done by fitting a pooled logistic regression model which included group indicator, indicator of follow-up time, and their interaction terms (group3follow-up time) as predictors. In this model, each H & P was considered a separate Write 'magnesium sulfate' *Applies to all orders and all medication-related documentation that is handwritten (including free-text computer entry) or on preprinted forms.
record. Compared to a method in which the percentages for each subject were calculated first and then compared across groups, this method may result in a better precision of estimates by putting less weight on subjects who had fewer H & Ps. Robust variance estimation with a first-order autoregressive (AR (1)) working correlation structure was used to account for repeated measurements within each subject. Both estimated percentages for each group at each follow-up period and the p values for comparisons of the estimated percentages between groups and their change within each group were reported. k Statistics were used to assess the degree of congruency among four raters of the medication list audit tool. Pre-and post-knowledge differences between the groups were assessed using the Wilcoxon signedrank test and overall with the KruskaleWallis test. All analyses were carried out in SAS version 9.1.
RESULTS
One hundred per cent (n¼59) of interns randomized completed the study and had primary data available for review. Interns had previously attended 23 different medical schools, and their characteristics are listed in table 2. There was no difference among the three groups in their ability to correctly identify unapproved medication abbreviations at baseline (p¼0.20). The median number of H & Ps per study period was 12 (range 0e39). Of the 236 study periods available (59 interns34 study periods each), there were 13 interns (four control, four hard stop, and five auto-correct) who had one study period with zero H & Ps to review. Based on these numbers, a total of 2371 H & Ps were evaluated with a mean of 42 H & Ps per intern (median¼41, range 20e59).
Overall there were 4191 total opportunities to use a 'Do Not Use' abbreviation. Unapproved abbreviations were used 1832 times or 44% of the time. The median number of abbreviation 
Primary outcome
The percentages of unapproved medication abbreviations in each quarter are shown in table 3. At baseline (Quarter 1), there were no significant differences in the frequency of unapproved abbreviations in the non-computer-assisted handwritten notes among the three study groups (p¼0.54) (table 3). Interns in each group significantly reduced their use of non-computer-assisted, written unapproved abbreviations over time (control: p¼0.004; hard stop: p<0.0001; autocorrect p¼0.04) (figure 3). When compared with controls, interns in the hard-stop alert group had a lower rate of unapproved abbreviations in their non-computerassisted handwritten notes during the alert intervention (p¼0.02), whereas interns in the auto-correction group did not (p¼0.21). Interns in the hard-stop alert group had a significantly lower rate of unapproved abbreviations in their non-computerassisted handwritten notes when compared with interns in the auto-correction group. (p¼0.0005).
Secondary outcome
The number of alerts that fired decreased over time (p<0.01) in both alert intervention groups. There was a trend toward fewer alerts firing in the 'hard-stop' group compared with the autocorrection group (p¼0.06).
Forty-seven interns (80%) completed the knowledge test at study conclusion. Knowledge of unapproved abbreviations did not improve after the alert intervention. At baseline, interns correctly identified 8.6 (range 5e11; 73% correct) unapproved abbreviations compared with 9.0 (range 5e11; 82% correct) after the intervention. This was true for the entire sample (p¼0.81), within individual groups (hard-stop, p¼0.67; auto-correction, p¼0.09; control, p¼0.31), and between groups (p¼0.39). Intern attitudes about the alerts were assessed in the post-test. Among interns who received alerts, nine (26%) believed that the alerts interfered with their ability to efficiently complete their documentation, 14 (41%) did not, and 11 (32%) were neutral. No attitude differences were detected between the two alert groups.
Power analysis
Repeated measurements in this study allowed for an increase in statistical power to detect treatment differences among study conditions. The correlation between two successive measurements was 0.62. In randomized trials with repeated measurements, an important determinant of the minimum detectable difference is the design effect, which is defined as 1+ICC(kÀ1), where ICC is the intraclass correlation coefficient, that is, the correlation between two successive measurements, and k is the number of repeated measurements. The three repeated measurements in this study yielded a design effect of 2.24. The effective sample size for each group is 2033/2.24¼27. Using an estimated SD of the percentage of unapproved abbreviations of 0.5 (table 3), the study has 80% power to detect a difference in percentages of abbreviations of 0.39 between groups with a type I error of 0.05.
DISCUSSION
This randomized-controlled trial compared two types of computerized alerts designed to reduce the use of unapproved medication abbreviations by physicians. We demonstrated that alerts embedded within an electronic progress note program reduced the use of abbreviations within the electronic program (as measured by frequency of alerts fired) and within the noncomputer-assisted handwritten H & Ps authored by physicians over the same time period. Alerts with a forced correction feature decreased the use of abbreviations to a much greater extent than alerts with an auto-correction feature. Moreover, an unanticipated but particularly interesting finding in our study was that reductions in abbreviation use were observed in a control group who were unexposed to alerts, but who were exposed to the overall study environment. Eliminating error-prone medication abbreviations has been extremely challenging for hospitals, and there are very few effective interventions in the literature for this vexing problem. An educational intervention designed to reduce prescribing errors in the handwritten medication orders of residents reduced overall prescribing errors among surgery but not medicine residents. 11 Enforcement strategies at the level of medical staff leadership proved more effective than education alone in a single study 10 ; however, enforcing physician accountability for documentation skills is difficult. Given the strong and repeated association between abbreviation use and medication errors, 3 8 it will be necessary and important for healthcare leaders to use multiple strategies to improve this unsafe and therefore unacceptable practice. Health information technology is just one of those strategies. As demonstrated in this study, a clinical decision-support system designed to reduce abbreviations may be an effective addition to administrative oversight and routine education.
Of the 2371 H & Ps reviewed, there were 4191 unapproved abbreviations noted, which equates to approximately two unapproved abbreviations per H & P. On the surface, this average seems low considering the high numbers of patients in our hospital treated with multiple medications. However, when considering the frequency of these occurrences in H & Ps (range 0e17; median¼2.5), one can see that significant abbreviation use with the opportunity for medication errors exists. Significant reductions in abbreviations were demonstrated in the noncomputer-assisted handwritten notes over time and across all three study groups, further reducing the abbreviation errors in the H & Ps.
The ability for health information technology to intercept unsafe practices and prevent serious medication errors has been described.
20e22 Improvements in medication safety with the use of CDSS occur through both direct and indirect effects. Direct effects alter medication prescribing or management at the time practitioners interact with system. Indirect or 'spillover' effects result from the carry-over into practice of knowledge or behaviors learned during exposure to the system. 23 Few studies of CDSSs have been designed to measure indirect effects. Glassman et al reported that exposure to automated drug alerts had little effect on the recognition of selected drugedrug or drugecondition interactions as measured by a cross-sectional survey. 23 Studies of drug-utilization reviews describe indirect effects of interventions on future clinician behavior. 24 25 For example, a time-series study that involved mailing letters to physicians about drug interactions and monitoring their subsequent prescribing patterns found no effect on future prescribing behavior as a result of the intervention. 24 In contrast, our study found large indirect effects by demonstrating significant reductions in the frequency of medication abbreviations in physicians' non-computer-assisted handwritten notes when they were prompted to correct the abbreviations in the electronic notes over the same time period.
The rapid expansion of alert systems in medical informatics calls for more research comparing the effects of different alert systems on the same outcome. Previous studies have described the over-riding of drug safety alerts 26 and demonstrated that the nature of alerts influences clinician behavior. 22 27 28 Thus, the inability to detect significant reductions in abbreviation use in the non-computer-assisted handwritten notes in the autocorrection alert group compared with the forced correction alert group is not surprising. One reason for this is that interns who received auto-correction alerts disregarded the educational message or simply acknowledged the alert without reading the information given human factors such as time pressure, competing priorities, and alert fatigue. In contrast, interns exposed to the forced alert were unable to complete their electronic notes without making manual corrections. It is known that mere repetition facilitates long-term memory, 29 30 and it may be that by forcing physicians to correct abbreviations, their knowledge of these abbreviations was solidified and translated into improvements in written practice. In summary, our study found direct evidence that passive alerts do little to influence clinician behavior. Additional studies will be important to substantiate these findings and advance the field of health informatics.
Reductions in abbreviation use in the control group were not anticipated by the investigators, but there are several possible explanations for the observation. Experimental diffusion, which occurs when a treatment effect applied to one group unintentionally spills over and contaminates another group, 31 may explain our findings. Interns in the control group were working in a study environment designed to modify physician behavior. Even though they were not directly exposed to alerts, their behavior may have been influenced by the improving documentation patterns of the interns exposed to the intervention who worked with them. Diffusion of effects threatens the internal validity of research, but it is difficult to control for in quality improvement research. While it is possible that the hospitals' educational strategies to reduce unapproved abbreviations contributed to the documentation improvements, this seems unlikely given the historical failure of routine education related to abbreviation avoidance. Despite the improvements in documentation practices, we failed to find any significant improvements in physician knowledge of unapproved abbreviations. This apparent 'disconnect' in knowledge versus practice is intriguing and has been demonstrated previously by Glassman et al. 23 There are several possible explanations for this finding. Our sample size may have been too small to detect a meaningful difference. The participants had varying degrees of exposure to the abbreviation Figure 3 Comparisons of estimated percentages of unapproved abbreviations in handwritten notes across different groups. Error rate for Quarter 1 (baseline) was estimated using the raw data; error rates for Quarters 2e4 were estimated using a pooled logistic regression model which includes group indicator, indicator of follow-up time, and their interaction terms (group3follow-up time), and specifies autoregression working correlation matrix. p Value for comparisons of error rates across the three groups at baseline is 0.54. p Values for trend test within each group are 0.004, <0.0001, and 0.04 for control, hard stop, and autocorrection group respectively. p Value for comparisons of the error rate between hard stop and control groups is 0.02; 0.21 between autocorrection and control groups, and p¼0.0005 between auto-correction and hard stop groups.
alerts and thus may have been unable to remember the abbreviations when they were presented to them in the post-test. The alerts may not have been perceived as important or relevant to the interns, especially since they were alerted when writing notes rather than when ordering medications. Nonetheless, it is hard to ignore the substantial reductions in abbreviation use in the non-computer-assisted handwritten notes as a result of the intervention, and this could be interpreted as a surrogate for knowledge acquisition.
The Joint Commission has strictly prohibited the use of seven common and unsafe medication abbreviations, 4 and The Institute for Safe Medication Practices has promulgated a list of over 50 abbreviations that have been associated with harm in their error-reporting systems and should never be used. 5 However, given the fact that any medication abbreviation creates an opportunity for misinterpretation and error potential, some organizations have attempted to limit all medication abbreviations by creating policies with 'approved' (rather then unapproved) abbreviation lists in which all medication abbreviations are prohibited. Since clinicians are in the habit of using medication abbreviations frequently, it is unlikely that one intervention alone will eliminate this practice, and it will be necessary to consider electronic interventions such as this to curb their use in free text entries in prescription writing and medical records.
Our study has several limitations. Because our hospital has an integrated CPOE system, we were unable to assess whether our intervention would have affected handwritten medication prescribing errors related to abbreviations. Handwritten abbreviations in prescriptions present a larger risk to patients than handwritten abbreviations in medical records. However, it is possible that documentation skills learned by physicians in an electronic environment and practiced in handwritten notes will carry over into their future handwritten or electronic free text prescriptions, and recommendations for prescriptions are often made in medical record documentation, so the potential for abbreviation errors exists even outside of the prescriptionwriting environment. Feasibility issues prevented retrospective reviews of the handwritten medication prescriptions of study participants.
We did not study the documentation practices of the participants after the alerts were turned off. Consequently, we cannot be certain of the long-term sustainability of our intervention and whether the documentation improvements would have improved further, plateaued, or waned had the alerts been turned off or continued. Additionally, given that exposure to the alerts was not continuous over time based upon the sequence of intern rotations and that these alerts varied in frequency among all interns, we may have reduced our ability to detect important differences among the groups and within certain participants. We did not evaluate documentation practices in the year(s) prior to our intervention and thus cannot completely exclude the possibility that a trend towards reduction in unapproved abbreviations occurred from a natural history effect encountered with introducing electronic platforms for documentation.
Finally, our study has several features that may limit its generalizablity. We studied only interns at a single academic medical center with a hybrid information system comprising both paper and electronic documentation. Since many organizations currently practice in hybrid systems, and many physicians practice in multiple information systems over the course of their career, we believe that the information related to the secular trends in physician non-computer assisted handwritten notes as a result of exposure to computerized alerts is relevant.
Compared with interns, residents, attending physicians, nonphysician providers, or practitioners in community hospitals may have responded differently to the intervention; however, there are elements of practitioner performance that are not unique to interns or academic medical centers, and some generalizations can be made from this study. The undergraduate and graduate medical training years are an ideal time to introduce information technology designed to improve medication safety, since trainees have not yet been influenced by unsafe medication documentation practices in the hospital and may be more open to changes in practice.
In summary, our study contributes important information to the health information technology literature by describing the effect that CDSS can have on physician behavior in the absence of knowledge and demonstrating that an informatics intervention can create large behavioral changes in a control group unexposed to the actual intervention but exposed to the study environment in which the intervention was performed. The methods used in this study to examine the indirect effects of health information systems to modify physician behavior outside of the electronic environment are unique and may have relevance for other health information technology interventions. We have established a methodology within a randomizedcontrolled trial to evaluate the effects of alerts embedded within a clinical decision-support system on physician knowledge and practice. Estimates for the percentage of unapproved abbreviation use were calculated based on the number of opportunities for error and offer additional endpoints to measure practice changes with technology-based interventions. These estimates can be used to determine samples sizes for adequate statistical power to evaluate the effects of interventions to reduce medication errors and test information systems in patient safety research. We found that alerts for unapproved medication abbreviations within electronic medical record systems are effective in changing physician documentation and thus promoting medication safety. Given that many healthcare organizations do not have fully integrated health information technology systems, researchers and patient safety leaders will continue to be challenged with ways to promote safe medication practices through electronic tools and education.
